The immune system is likely to be involved in some of the health effects caused by certain indoor air exposures, and immune biomarkers can help determine which exposures and health effects have important immune components. However, the lack of standardized laboratory tests for most human immune markers and the many confounding variables that can influence them makes interpretation of results for exposure and disease end points uncertain. This paper presents an overview of the immune system and the considerations involved in using tests for immune markers in clinical epidemiology studies, particularly those concerned with indoor air exposures. Careful study design, well-characterized laboratory methods, and rigorous documentation ofexposure status are required to determine the predictive value ofsuch tests. Clinical tests currently available for some immune markers could help identify and characterize both irritative and hypersensitivity reactions to indoor air pollutants. Newer tests developed in research settings might provide more incisive indicators of immune status that could help identify exposure, susceptibility, or preclinical disease states, but their methodologies must be refined and tested in multicenter studies before they can be used reliably in public health applications.
Introduction
The host defense system of mammals is a complex network of cells and biochemical mediators responsible for repairing injured tissue, identifying and removing foreign substances, destroying or containing infectious agents, and in some cases eradicating cancer cells. The host defense system includes both innate (or nonspecific) mechanisms of immunity and acquired (or specific) mechanisms of immunity. In this review, the term "immune system" refers to all components of both innate and acquired immunity, as their components and activities are often intertwined.
Evidence accumulated over the last several years has shown that indoor air pollution is a major source of exposure to environmental chemicals (1) (2) (3) (4) . Environmental pollutants could potentially lead to adverse health consequences through interaction with the immune system in several different ways. As toxicants, they could damage parts ofthe immune system and impair host defense. As foreign substances (xenobiotics), they could evoke inappropriate responses or intensify normal responses to the point that certain immune-mediated functions become pathological rather than protective. Pbllutants could also have indirect effects on the immune system by influencing other organ systems, particularly the neuroendocrine system.
Alternatively, some pollutants could interact with the immune system in ways that would not cause adverse health effects, and others could fail to influence the immune system in any way at all. These various possibilities can be addressed only through longitudinal clinical epidemiology studies that combine rigorous exposure and health assessments with standardized laboratory measurements ofthe cells and mediators ofthe immune systems, so-called immune biomarkers. This article presents a brief review of the use of immune biomarkers in such clinical epidemiologic studies, with emphasis on immune physiology and laboratory methods.
Immune System and Environmental Antigens
A number ofarticles and textbooks provide excellent descriptions ofthe immune system (5) (6) (7) , and only a brief overview will be given here.
Perhaps the most fundamental characteristic of the immune system is its ability to recognize and destroy foreign material. This activity is exemplified by the pulmonary alveolar macrophage, a larger mobile cell found in the lung sacs that avidly ingests (phagocytizes) foreign material, including bacteria and air pollutants. The macrophage attempts to digest and process ingested material with powerful enzymes in an acid environment. In An antigen is a substance that sensitizes an animal to evoke a specific immune response upon subsequent exposure. The presence ofa specific immune response may be demonstrated by immunochemical assays that detect antibodies specifically bound to the antigen, by cellular function assays that show lymphocytes reacting specifically to the antigen, orby specific hypersensitivity reactions in tissues exposed to the antigen (e.g., skin tests).
In order for small molecules (including almost all xenobiotic chemicals) to be antigenic, they must first combine with tissue proteins, creating a complex that the immune system recognizes as foreign. The overall immune response is influenced by many systemic factors, including the nervous system, both indirectly (through neuroendocrine influences) and direcdy. Direct interactions between the nervous system and the immune system appear to be especially important in the mucosal surfaces, where nerve cells and mast cells may communicate constantly (18) . One consequence ofthese interactions is that stress is an important modulator ofimmune function and one ofthe most difficult variables to evaluate.
Recent studies in experimental animals have shown that changes in immune status and function can be elicited by a neural stimulus to which the animals havebeenpreviously conditioned. Both suppressive and reactive changes have been observed to conditioning stimuli such as taste, odor, and audiovisual cues (19, 20) . Therefore, under some circumstances, the perception of exposure may trigger the same mechanisms that actual exposure triggers, causing the appearance ofan immune reaction (such as allergy) in a conditioned animal without any actual exposure to antigenic material.
Laboratory Assessment of the Immune System
During the last two decades, remarkable advances in technology and in our understanding of the chemical and cellular constituents ofthe immune system have allowed the development of many assays that evaluate different aspects of immune status or function, collectively referred to as immune biomarkers. Historically, immune biomarkers have been extremely useful in detectng exposure to infectious organisms, in characterizing the defects that cause immune deficiencies, and in delineating the pathogenesis ofimmune-mediated diseases. In these situations, laboratory tests can be applied to targeted populations, often associated with clinical illness, with some evidence of the immune systemasaprimaryparticipant inthe pathologic processes.
The use of immune biomarkers in environmental health studies to establish (or attempt to rule out) the potential for longterm health effects due to toxicant exposures is an entirely different application. A major difficulty underlying the use of laboratory tests in such studies is the decline in positive predictive value when the prevalence of exposure or disease is low. Additional problems arise with immune biomarkers because oftheir wide range ofnormal variability, the influence ofmany confounding factors including neuroendocrine effects, and, most fundamentally, from the dearth of standardized, well-characterized laboratory methods. Finally, the lack ofprecise exposure measurements is a major impediment toward documenting any relationshipbetweentoxicants, biomarkerchanges, andhealth effects.
General Principles for Using Immune Biomarker Assays
Although the proper use oftests for immune biomarkers may be helpful in environmental health studies, their improper use can create confusion and undermine public health efforts. To address these concerns, the Centers for Disease Control (CDC) and the Agency for Toxic Substances and Disease Registry (ATSDR) convened a subcommittee on biomarkers of organ damage and dysfunction to develop proposed guidelines for the use of biomarker tests in health assessment studies conducted at Superfund sites. The following points are adapted from their final report (21 
Issues in Laboratory Methodology for Immune Biomarkers
The CDC/ATSDR subcommittee identified the lack of standardized laboratory methods as the most critical area requiring further research and development for the proper use of immune biomarkers in public health studies. Most immunochemical and immunobiological measurements, especially those evaluating cellular parameters, are considerably more complex than simpler biochemical measurements such as enzyme activities. Moreover, different methods for measuring a particular analyte can give entirely different results. Even assays that have been quite informative under controlled experimental conditions in research settings may not prove useful in public health studies.
For both scientific and pragmatic reasons, any laboratory method must be evaluated and implemented successfully in multiple laboratories before it can be useful in public health investigations. Scientifically, the hallmark ofa true laboratory finding is its reproducibility, and no laboratory result can be considered factual until it is independently replicated. Pragmatically, public health evaluations often require multisite longitudinal studies in which assays are conducted at different laboratories and at different times. Therefore, any laboratory assay used for public health evaluations, no matter how simple or esoteric, should be continually monitored for its scientific validity through comparisons within and between laboratories.
Applying Immune Biomarkers to Indoor Air Exposure Studies Beyond the issues of methodology and predictive value, the main considerations for selecting immune marker tests must be the expected types ofexposures from indoor pollutants and their potential effects on human health (Table 1 ). An overview ofthe major types of tests that might be helpful follows.
Antibodies to Environmental Material
Allergic reactions mediated by antibodies to environmental antigens from microbes, molds, mites, plants, fabric fibers, insects, and mammals may be contributors to many of the symptoms associated with indoor air exposure (22) (23) (24) (25) . The total serum IgE antibody level may help discriminate exposed or susceptible ("atopic") populations, but the total level does not have good predictive value on an individual basis (26) . Tests for antigenspecific IgE antibodies (skin testing or in vitro assays) have better predictive value than total IgE for allergic reactions against many inhaled antigens, but sensitization may be found in normals as well as symptomatic patients (W. K. Dolen and P. B. Williams, unpublished data). 
Nripheral Blood Cells
In humans, the vast majority of analysis for cellular markers is performed on peripheral blood white cells (leukocytes), almost all ofwhich are in an inactive "resting" state. Other cells that are more indicative ofcurrent immune activity (such as those from the spleen and lymph nodes) are simply not available in most human studies. Despite this limitation, analysis of peripheral blood leukocytes can provide important information about immune status.
Complete blood counts (CBCs) give the most basic data about the distribution of peripheral leukocytes. CBCs performed for environmental health studies should include a five-part differential to measure all major types of leukocytes, including eosinophils and basophils (many ofthe automated blood counters do not distinguish the latter two types from neutrophils). All of these measurements are well-standardized ifconducted in accord with good clinical laboratory practice, with the possible exception ofbasophil and eosinophil counts (32) . The range ofresults for these cellular parameters in reference populations is very broad (population confidence values of 20-80%) (33) , and differences within the "normal range" are not associated with obvious or long-term health effects. However, values well outside the "normal ranges" are very likely to be associated with active disease processes that involve the immune system.
Immune cells (lymphocytes in particular) can be characterized more completely by identifying their surface receptors (or immunophenotype), which reveals information about their lineage and activation state. The method of choice for these tests is immunofluorescence flow cytometry (FC) (34) . Until recently, these measurements were not well standardized, but in the past 3 years considerable effort has been made to increase the reliability of many assay methods (35, 36 
Mucosal Tissue Infiltration by Immune Cells
The most promising approach to cellular assessment for indoor air exposures may lie in examining immune cells from accessible mucosal surfaces such as nasal scrapings. Bronchoalveolar lavage can also provide a source ofrespiratory mucosal immune cells, but it is an unpleasant procedure and would not detect the modest cell infiltration caused by many irritant responses. Nasal challenge and characterization ofthe human in situ nasal mucosal response to airborne exposures is a critical research needs which isjust now being addressed. Early results suggest that local inflammatory reactions are important factors in airborne exposures to toxicants (42, 43) .
Summary
The proper use of tests for immune biomarkers in health assessment studies could help identify effects of indoor air pollutants on the immune system and the risk ofconsequent health effects, but only if the studies are carefully designed to account for confounding factors and if the laboratory methods are rigorously standardized. At this time, tests for inflammatory and allergic mediators are the most likely to give interpretable information about exposures and effects. However, tests characterizing the cellular responses, particularly local tissue responses to airborne pollutants, will be essential for a complete approach to health assessment and exposure effects.
